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Highlights: 21
• A CBV-sensitive fMRI method is developed for high resolution fMRI in humans. 22
• Lamina-dependent CBV fMRI responses are shown in humans. 23
• VASO cortical profiles are validated with Fe-contrast agent fMRI in animals. 24 • Sensitivity to large veins can be minimized using VASO-CBV instead of BOLD fMRI. 25
• Ipsilateral fMRI responses to finger-tapping are positive in M1 and negative in S1. 26 27 Abstract 28
Cortical layer-dependent high (sub-millimeter) resolution functional magnetic resonance imaging 29 (fMRI) in human or animal brain can be used to address questions regarding the functioning of 30 cortical circuits, such as the effect of different afferent and efferent connectivity on activity in 31 specific cortical layers. The sensitivity of gradient echo (GE) blood oxygenation level dependent 32 (BOLD) responses to large draining veins reduces its local specificity and can render the 33 interpretation of the underlying laminar neural activity impossible. Application of the more spatially 34 specific cerebral blood volume (CBV) based fMRI in humans has been hindered by the low sensitivity 35 of the non-invasive modalities available. Here, a Vascular Space Occupancy (VASO) variant, adapted 36 for use at high field, is further optimized to capture layer-dependent activity changes in human 37 motor cortex at sub-millimeter resolution. Acquired activation maps and cortical profiles show that 38 the VASO signal peaks in grey matter at 0.8 -1.6 mm depth, and deeper compared to the superficial 39 and vein-dominated GE-BOLD responses. Validation of the VASO signal change versus well-40 established iron-oxide contrast agent based fMRI methods in animals showed the same cortical 41 profiles of CBV change, after normalization for lamina-dependent baseline CBV. In order to evaluate 42 its potential of revealing small lamina-dependent signal differences due to modulations of the input-43 output characteristics, layer-dependent VASO responses were investigated in the ipsilateral 44 hemisphere during unilateral finger tapping. Positive activation in ipsilateral primary motor cortex 45
Introduction

14
Sub-millimeter spatial resolution, functional magnetic resonance imaging (fMRI) enables 15 measurement of blood oxygen level dependent (BOLD) responses as a function of cortical 16 depth in human and animal brains. If layer-dependent differences in neural metabolism could 17 be inferred from high resolution fMRI responses, insight might be provided for instance, on 18 the question, how differences in afferent and efferent connectivity affect processing in a given 19 brain region. At these higher spatial resolutions, the fMRI contrast is dominated by thermal 20 noise (Triantafyllou et al., 2005) , rather than physiological noise, and therefore it can fully 21 benefit from the use of the very high available field strengths, such as the widely used 7 Tesla. 22
Layer-dependent fMRI at high fields might therefore enable a new level of brain research, with 23 the potential not only to detect which brain area is activated, but also how it is activated. For 24 example, Trampel et al., (2012) investigated the increased activity in primary motor cortex 25 (M1) associated with motor imagery as compared with an actual motion task, demonstrating 26 that the layer dependence of the ensuing activation differs strikingly for the two conditions. In 27 another example, layer-dependent fMRI was used to study the input characteristics of sensory 28 cortex, and thus to investigate the restructuring of brain connectivity consequent upon 29 denervation-induced plasticity (Yu et al., 2014) . In the visual system, layer-dependent fMRI 30 can help to address questions regarding the feedforward-feedback pathways during excitatory 31 and inhibitory stimuli (Goense et al., 2012). 32
The limiting factor of such investigations in the human brain is that the noninvasive high-33 sensitivity fMRI modalities recording the effects of vascular changes are specific not only to 34 the neural activity within individual cortical layers, but are also sensitive to changes in blood 35 parameters, such as oxygenation, that propagate across the cortex. In particular, because 36 gradient echo (GE)-BOLD signal also arises from draining veins (Turner, 2002) , it may be 37 difficult to interpret the signal unambiguously in terms of spatially specific underlying neural 38 activity. between blood and tissue, and employs a blood-nulling inversion-recovery sequence to obtain 6 an MR signal proportional to CBV. While invasive contrast-agent-based CBV-weighted fMRI 7 methods have yielded promising results in animal studies, layer-dependent analysis of CBV 8 change in humans has been precluded so far by the inherently low contrast-to-noise ratio 9
(CNR) of VASO and other noninvasive CBV-based fMRI methods. 10
In this study, we present an approach to VASO-based fMRI that enables simultaneous 11 noninvasive acquisition of CBV and BOLD signal changes at high field (7 T) in human motor 12 cortex with sub-millimeter resolution. The cortical-depth dependence of CBV-based VASO 13 fMRI was compared in detail with BOLD fMRI. The VASO-CBV results were validated in animal 14 models using fMRI measures of CBV changes with established iron-oxide-based contrast 15 agents. To elucidate the extent to which the different modalities are dominated by local 16 surface vasculature, we compared VASO and iron-oxide-based fMRI data with GE-BOLD data, 17 which is affected by unwanted sensitivity to large translaminar blood vessels. The present study considers the 'hand-knob' region of human primary motor cortex, which 36 has a relatively simple and predictable folding pattern. For such a structure, it is feasible to 37 adopt the earlier strategy of using a slice thickness greater than the in-plane resolution, with 38 its consequent gain in CNR. This is appropriate for the use of VASO, which is a technique for 39 scanning a limited number of slices and has somewhat lower CNR compared with BOLD. 40 4 Another critical issue in high-resolution fMRI in humans is the broadening of the point spread 1 function in the phase-encoding direction due to the often-required longer duration of the 2 acquisition window with respect to T 2 * decay, also referred to as T 2 * blurring (Hetzer et al.,  3 2011; Kemper et al., 2014) . This problem can be circumvented by the use of a small imaging 4 matrix, which is made feasible by reducing the size of the field of view (FOV) or using a high 5 parallel imaging acceleration factor. Since the spatial extent of the regions of interest (ROIs) of 6 this study is on the same scale as the extent of the receive fields of individual coil elements, 7
high acceleration tends to result in a relatively high g-factor penalty. Furthermore, because 8 this study deals with relatively small predefined ROIs in M1, large areal coverage is not 9 required. Pilot experiments showed that the highest temporal SNR (tSNR) was achieved using 10 a selection of individual receiver coil elements in a surface-coil like fashion, without additional 11 acceleration. Therefore, in this study small 
Data analysis
40
Signals from all receive channels were reconstructed separately, and the resulting tSNR 41 characteristics were evaluated. Channels with unstable signal or severe aliasing artifacts 42 (between 0 and 8) were excluded from the subsequent sum-of-squares combination (see 43 supplementary Fig. S1 for more details). The perpendicularity of the acquired slices with 1 respect to the cortical surface was quantified by comparing the CSF position in the central 2 sulcus across adjacent slices. The GM and CSF border of the middle slice was projected onto 3 the adjacent slices. All regions where the displacement of the surfaces defined by the 4 projected border between adjacent slices was more than half of the voxel size were excluded 5 from further analysis. This orthogonality threshold corresponds to a slice tilting of 6 approximately 15° from its optimal perpendicular orientation. Due to incomplete blood nulling 7 in outer slices, all signal-change analyses were done on the middle slice only. 8
Because M1 has more than double the thickness of the primary somatosensory cortex (S1), 9 the slice orientation was optimized with respect to M1, and all data analyses were focused on 10 the anterior GM bank of the central sulcus. 
Results
33
Statistical maps of the BOLD and VASO signal changes for all human subjects are shown in Fig.  34 2. The corresponding cortical profiles are shown in Fig. 3 . We detected a robust negative VASO 35 signal change (indicating CBV increase) across participants and across the ROIs. VASO z-scores 36 are approximately 70% of those of the BOLD signal. This shows that a physiologically 37 meaningful quantity, such as ΔCBV, can be measured noninvasively with VASO in humans at a 38 laminar level with sensitivity comparable to that of GE-BOLD. Average relative signal changes 39 across all cortical laminae and participants in M1 are (4.3 ± 0.7)% for BOLD contrast and (2.3 ± 40 0.5) ml/100ml for VASO, respectively. This difference between VASO and BOLD signal was obtained robustly across all participants 6 (Fig. 2) . Within GM, VASO signal change tends to decrease in deeper layers similar to BOLD. 7
Time courses 8
The normalized time courses shown in Fig. 4 suggest relatively small lamina-dependent 9 differences in response dynamics compared to the absolute signal-change magnitude. In the 10 BOLD signal time-courses at the cortical surface, a trend towards a stronger overshoot after 11 task onset is seen, and a stronger undershoot after task offset. significant signal changes. M1 shows a positive BOLD signal change and CBV increase, while 22 ipsilateral S1 shows a negative BOLD and CBV decrease in all participants (Fig. 5) . Average 23 signal changes of ipsilateral BOLD and VASO responses were (1.4 ± 0.5)% and (0.75 ± 0.2) 24 ml/100ml respectively in M1 and (−0.7 ± 0.3)% and (−0.3 ± 0.1) ml/100ml in S1, respectively. 25
The mean negative responses in S1 are not only smaller in amplitude than in M1, but also in 26 spatial extent. This means that the signal response averaged over a combined ROI across S1 27 would show a positive overall response ((0.19 ± 0.11) ml/100 ml for VASO and (0.15 ± 0.16)% 28 for BOLD), as seen in earlier studies using coarser resolution or after spatial smoothing, where 29 activated voxels contain signal from both sides of the sulcus (Dettmers et al. 
Validation with animal results
35
The cortical profiles of BOLD and VASO signal change in rat S1 and monkey M1 are highly 36 consistent across the species (Fig. 6 ) and are also very similar to humans (Fig. 3) . In all species, 37 BOLD signal is highest at the cortical surface and has a variably pronounced 'shoulder' in the 38 middle cortical laminae ( Fig. 3 and Fig. 5 2 and 3) . Hence, the baseline distribution of CBV rest 7 needs to be taken into account when comparing and interpreting differences between the 8 two contrasts. Using Eq. 1, CBV rest can be estimated (Fig. 7a-c ) and used to convert the cortical 9 profiles of normalized relative CBV change in units of CBV rest (Fig. 7d) to cortical profiles of 10 absolute blood volume change in units of ml/100ml. motion seen in the present study could be interpreted as part of the bilateral motor 7
representation. This requires further investigation. 8 Figure 5 showed that a unilateral sensory stimulation produces a robust negative ipsilateral 9 response in S1. This is consistent with the literature for humans (Mullinger et al., 2014; 10 Schafer et al., 2012) and animals (Boorman et al., 2010). However, none of the above-11 mentioned studies of ipsilateral sensorimotor activation had a sufficient resolution to 12 distinguish or exclude the separate contributions from S1 and M1. Thus, direct comparisons 13 with our results (Fig. 5 ) could be misleading. It needs to be mentioned that partial volume 14 effects of macrovasculature draining or feeding the opposing sides of the central sulcus can 15 complicate layer-dependent interpretation of the results in Fig. 5 . For example, pial veins 16 within the sulcus can drain both M1 and S1, and hence their BOLD signal might reflect a 17 mixture of activity in both areas. These types of specificity limitations of BOLD signal changes, 18
arising from large veins in the sulcus, can make it difficult to interpret separately the 19 corresponding BOLD signal from opposite sides of the sulcus. 20
The robust detection of relatively small layer-dependent ipsilateral responses with VASO 21 during a 12-min experiment suggests its applicability in future studies, for example, those 22 investigating the afferent-efferent characteristics of the cortex. assumed for both blood compartments, as in this study, the chosen TI can differ from the true 27 blood nulling time by 35 -70 ms. The corresponding incomplete blood nulling can result in an 28 error in the VASO signal change of about 8% relative to the total VASO signal change. This 29 means that potentially different arterial and venous blood compositions in different cortical 30 laminae can be accompanied with small biases in the VASO signal change. In a worst case, the 31 measured CBV change of 2.3 ± 0.5 ml/100ml in human M1 might have an additional source of 32 uncertainty, to become 2.3 ± 0.5 (inter-subject standard deviation) ± 0.17 (uncertainty in 33 arterial and venous blood T 1 ) ml/100ml. Since the uncertainty in arterial and venous blood T 1 34 is considerably smaller than inter-subject variation, the ensuing error is considered to be 35 tolerable here, and has no qualitative impact in the interpretation of the cortical profiles 36
shown. 37 Across GM regions and species, the general vascular layout of large vessels is broadly similar. 24 For example, larger arterioles or larger venules feed or drain the cortical laminae from the 25 surface (Duvernoy et al., 1981) . The microvessels are distributed inside GM across the cortical 26 layers. There are subtle and specific differences across cortical layers in different brain areas 27 (Duvernoy et al., 1981) . For all three stimulation tasks used here, the major part of the 28 neutrally driven energy consumption increase is not expected to occur at the cortical surface 29 at the site of large pial vasculature, but it is expected to occur within the cortex, distributed 30 across the cortical layers. Much of the energy use is expected in middle cortical layers, 31 corresponding to the thalamocortical input layer IV in V1 and S1, and in M1 increased activity 32 in thalamocortical and corticocortical input layer V (Porter and Lemon, 1995) and in cortico-33 cortical input layer II/III (Yu et al., 2014) . Because BOLD and VASO MRI data characterize 34 lamina-dependent vascular changes, the exact correspondence between neural activity 35 changes and vascular changes in individual cytoarchitecturally-defined cortical layers is still 36 unknown. The resulting cortical profiles of BOLD and VASO signal changes are rather expected 37 to reflect the neurally driven microvascular response in a particular cortical lamina combined 38 with the signal response of diving arteries and veins passing through that layer. Depending on 39 the MRI resolution, a given cortical lamina in the MRI data can contain multiple anatomically 40 defined cortical layers of different cytoarchitecture. 41
Potential artifacts of dynamic CSF volume change
Vascular origin of BOLD, VASO and iron-oxide-based fMRI
42
The different cortical profile shapes of BOLD, VASO, and iron-oxide-based signal depend partly 1 on the influence of macrovascular contributions in the different modalities, so they must be 2 discussed with respect to expected underlying vascular features. 3
A qualitative schematic illustration of the expected vascular contributions in the respective 4 methodologies is shown in Fig. 8 . It is shown how a certain layer-dependent response might 5 be transformed into the detectable laminar signal change of the corresponding modalities. In 6 order to discuss the different physiological point spread function of BOLD, VASO and iron-7 oxide-based fMRI, a double peak response is used here as reported earlier in rat M1 (Yu et al., 8 2014) . This example is chosen for illustrative reasons because it clearly visualizes different 9 macrovascular contamination in upper and deeper cortical laminae. 10
The GE-BOLD signal change at 7 T can be considered to be dominated by translaminar diving 11 venules and pial veins rather than by intralaminar capillaries (Uludag et al., 2009 ). Hence, the 12 majority of the BOLD signal reflects oxygenation changes in veins draining multiple layers, 13 making it difficult to break down the signal into layer-dependent activity. The contribution of 14 intralaminar capillary BOLD signal with layer-dependent specificity is expected to be relatively 15 low compared to macrovascular BOLD signal (upper row in Fig. 8 ). are also expected to contribute to the global CBV change. This macrovascular contribution 27 could result in the highest VASO signal change in upper cortical laminae (middle row in Fig. 8 ). 28
In contrast to VASO fMRI, the relative signal change recorded with iron oxide is inherently 29 normalized to the local baseline blood volume. This normalization introduces severe inverse 30 macrovascular weighting at the location of large translaminar arterial and venous vessels. 31
Since the macrovascular baseline CBV can vary up to a factor of five across measured laminae 32 at and below the cortical surface (see appears suppressed in the resulting cortical profiles (Fig. 7d and bottom row in Fig. 8 ). 35
The large macrovascular contribution at the surface and the fact that iron-oxide-based CBV-36 changes are usually reported in percent change tends to underestimate the actual CBV change 37 (ΔCBV) at the surface. Thus the widely reported feature that CBV-sensitive iron-oxide-based 38 fMRI shows highest activity in deeper cortical layers (Kim et al., 2013) at the site of 39 thalamocortical input layers does not necessarily suggest high local specificity, but might in 40 fact be due to inverse macrovascular weighting in the upper cortical laminae. Furthermore, in 41 iron-oxide-based fMRI, the high baseline CBV at the cortical surface can result in low MR signal 42 intensity. If SNR at the surface is limited, the corresponding layer-dependent detection 1 threshold can be higher than the signal change at the cortical surface (Goense et al., 2012). 2
In summary, among the three investigated fMRI contrasts in this study, GE-BOLD contrast has 3 the strongest relative macrovascular contamination. VASO and iron-oxide-based fMRI also 4 have macrovascular weighting or contamination from the upper cortical laminae, but to a 5 lesser degree than BOLD fMRI. We have shown that VASO has lower sensitivity to 6 macrovasculature than GE-BOLD, and hence higher specificity to functionally driven changes 7 in microvasculature. But layer-dependent cortical profiles of VASO signal clearly represent a 8 sum of microvascular and macrovascular contributions, albeit with a relatively larger 9 microvascular contribution. 10
Future quantitative models relying on the layer-dependent micro-and macrovasculature 
Conclusion
21
We have shown that the SS-SI-VASO method can be used, at high field (7 T), to noninvasively 22 and simultaneously investigate the cortical profiles of ΔCBV and BOLD signal. This allows us to 23 capture layer-dependent CBV responses robustly in humans, information that was previously 24 only accessible in animal research. Considering the different macrovascular contributions and 25 normalization features in VASO and iron-oxide-based fMRI, cortical profiles of both contrasts 26 are in good agreement. The data presented here suggest that VASO can be used to investigate 27 layer-dependent responses with much reduced macrovascular contributions compared to GE-28 BOLD. VASO may thus play an important role in revealing top-down or afferent-efferent 29 stimulus processing in the brain using layer-dependent fMRI, without the unwanted sensitivity 30 to vascular changes in large draining veins that GE-BOLD suffers from. 31 
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